Variability of skin temperature in the waking monkey.
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1976. -Temperatures of the brain, skin, and nasal mucosa were recorded along with the cortical electroencephalogram (EEG) in chaired, conscious pigtail monkeys at 25°C air temperature.
In undisturbed animals, skin temperatures ranged from 34 to 37°C. When the animal was alerted by visual or auditory stimuli, temperatures on the extremities, tail, nose, ears, and nasal mucosa dropped rapidly to 22-29°C. Temperatures on the proximal limbs and trunk and most of the head remained steady at all times. Average hypothalamic temperature was 091°C higher when the extremities, tail, nose, ears, and nasal mucosa were cool than when they were warm, the brain temperature change beginning 80-120 s after the change in peripheral temperatures. A slight decrease in EEG frequency, but no change in amplitude, occurred during skin warming.
Anesthetic doses of barbiturate led to a rapid rise in temperature of the extremities, tail, nose, ears, and nasal mucosa and a drop in brain temperature. These large changes in skin temperature in conscious monkeys reflect changes in cutaneous blood flow, the resulting alteration in heat loss leading to a rapid change in deep body temperature.
The experiments demonstrate the importance of the state of arousal on autonomic nervous control of peripheral vasomotor tone in the monkey. thermoregulation; brain temperature EXCEPT IN THE MOSTEXTREME environmentsdeepbody temperature in mammals is controlled by the rate of blood flow through the skin. Changes in cutaneous blood flow produce alterations in skin temperature and in the amount of heat lost from the body surface. While it is generally agreed that thermal factors exert a major influence on cutaneous vasomotor tone, it has been recognized for many years that emotional factors can have a powerful effect on cutaneous blood flow. Early studies in man showed that pain, fear, startling stimuli, and intense mental concentration produce marked vasoconstriction in certain skin regions (1, 9, 19, 24, 25) . Later work using other mammals demonstrated that changes in peripheral vasomotor tone and peripheral temperature associated with different behavioral states and with sensory stimuli were significant in the regulation of deep body temperature in several species. In rabbits, cats, monkeys, and sheep, temperature shifts on the skin of the ear and nose and on the nasal mucosa occur during different states of sleep and arousal. These peripheral temperature changes are associated with shifts in deep body temperature in the opposite direction The distribution of skin temperatures on the human body and the effects of different thermal environments on these temperatures have been well studied (12, 17). Since data on patterns of skin temperature in conscious animals were incomplete, we performed the present studies to establish the normal levels of skin temperature and the distribution of temperatures over the body surface in laboratory monkeys. We found the temperatures of some skin regions to be extremely variable and to be related to the state of arousal of the animal in a predictable fashion.
METHODS
Five adult male pigtail monkeys (Macaca nemestrina) were used in these studies. They were prepared for the measurement of brain temperature as described previously for the monkey (21), sheep (7), and cat (4). Each animal was anesthetized with sodium pentobarbitone (25 mg/kg, iv) and placed in a stereotaxic instrument. A copper-constantan thermocouple cemented to a strut wire (OD 0.3 mm) was implanted in the posterior dorsal hypothalamus, and a Lucite platform was attached to the skull with four stainless steel bolts. Biparietal electroencephalogram (EEG) leads were attached to the two rear bolts supporting the platform. This platform served as an anchoring point for a copperconstantan thermocouple connector and for a connector to the EEG leads. The platform was also used to minimize head movements during recording (3).
Recording sessions were begun after a 2-wk postsurgical recovery period. During these sessions, the animal was placed in a primate chair, and the head was fixed by bars attached to the chair, allowing temperature measurement to be made on the skin of the face and head. In order to measure skin temperature on the limbs, we used special holders for the arm and the leg (30). These holders were attached to the primate chair and held the limbs in comfortable positions with no pressure on the skin and approximately 20-30% of the skin surface of the limbs in contact with the holders. It is not likely that these restraint devices interfered significantly with heat loss from the limbs. After a few sessions, the animals appeared to adapt to the recording conditions and would remain quietly in the recording chair for the duration of the experiments, usually about 1.5 h. At the end of each experiment, the animal was released from the limb restraints.
Monkeys remained in the primate chairs without restraints between experiments and were released into home cages at approximately weekly intervals.
Experiments were conducted with the animal in a temperature-controlled chamber with a one-way glass observation window. Ambient temperature was maintained at 25 t 0.5"C, with 50% relative humidity. Skin temperature was measured with bare thermocouples (100~pm arc-welded wires) glued to the skin with a thin layer of rubber cement. Nasal mucosal temperature was measured with a thermocouple inserted about 1 cm into the nasal cavity. Temperatures and electroencephalogram were recorded on a Grass model-6 six-channel inkwriting polygraph. Reference junctions in an ice bath were used, and thermopotentials were amplified with chopper-stabilized DC amplifiers. The thermocouples were calibrated before and after each recording session against an accurate mercury thermometer with an identical set of calibrating thermocouples in a constanttemperature bath. The maximum sensitivity of this recording system was O.O25"C/mm pen deflection with an absolute accuracy of 0.05"C. Skin temperature measurements were made at a lower sensitivity with a resolution of 0.25"C and an absolute accuracy of 0.5"C.
RESULTS

Changes
in Skin Temperature Related to Arousal
We performed 67 experiments at an ambient temperature of 25°C in which we recorded brain temperature and three to five skin temperatures. Preparing the animal for recording, placing his limbs in the holders, and attaching the skin thermocouples usually took about 15 min. The monkey was excited when the door of the recording chamber was closed and the recording session began.
In the first few experiments on each monkey, before the animal had adapted to the recording situation, we found that the skin of the hands, feet, tail, ears, and nose was from 5 to 15°C cooler than other skin areas, and that these regions remained cool for the duration of the recording session. However, after an animal had been used in several sessions and was familiar with the routine, a dramatic change in temperature occurred on these cool skin areas. In an experienced monkey, after the door of the recording chamber was closed and the animal had been isolated for about 5-10 min, a sudden, steep rise in temperature occurred in those skin areas which were initially cool, driving the temperature up to the levels of temperature on the proximal limbs and trunk. Brain temperature fell with the rise in skin temperature. The isolated monkey showed this pattern of peripheral and central temperature change whether the recording chamber was illuminated or dark. However, skin warming and brain cooling occurred sooner when the chamber was dark.
These changes in skin and brain temperature were reversed if the animal was alerted by one of a variety of stimuli. Sudden illumination of the dark recording chamber, loud noises outside of the chamber, or the entrance of a human into the chamber all evoked a drop BAKER, CRONIN, AND MOUNTJOY in temperature of the skin of the nose, ears, hands, feet, and tail and a rise in brain temperature. Thus, in a cool environment, the temperature of some skin areas is remarkably labile and is related to the state of arousal of the animal, whereas other skin areas show a fairly constant temperature at all times. Under these conditions, brain temperture is consistently inversely related to heat loss from these thermolabile skin regions.
Temperatures on the body. Figure 1 shows the distribution of temperatures on the body of the monkey at 25°C ambient temperature. The skin regions which were cool when the animal was alert and warm when he was relaxed are stippled. Table 1 provides additional information on the skin temperature measurements. The skin of the hands, feet, and tail showed temperature shifts of 7-13°C when the monkey was aroused by external stimuli, whereas the skin of the forearms, arms, legs, thighs, and trunk showed little change in temperature. Figure 2 shows temperature shifts on the upper limb and in the brain during arousal and relaxation in one monkey. When the animal is alert, the coolest temperatures are at the tips of the fingers, and there is an increasing temperature gradient up the limb whereas temperature of the calf of the leg remained steady. Occasionally a slight drop in temperature was observed on the forearm and the leg, accompanying the large rise in temperature on the extremities. Like the limbs, the skin of the tail showed increasing temperatures from the tip to the base in the alert monkey. While we measured temperatures of the tip of the tail in four experiments (Table l) , we measured temperature at the tip, middle, and base of the tail simultaneously in only one experiment.
When the monkey was alert, the tip of the tail (13 cm from the body) was 1.6"C cooler than the base of the tail (3 cm from the body). These temperatures rose to about the same level when the animal was undisturbed in the recording chamber ( Table 1) .
Temperatures on the head. Like the body, the head of the monkey exhibited regions that maintained a constant temperature and regions in which large changes in temperature occurred with changes in the state of alertness of the animal. The skin of the nose, cheeks, and ears (Fig. 1 cooler when the extremities, tail, nose, and ears were warm than when they were cool. We never observed such changes in brain temperature in the absence of large temperature changes on these skin areas.
The temporal relationships between the change in skin temperatures and the change in brain temperature could not be determined accurately from slow-running recordings such as those in Figs. 2-5. When we conducted experiments at a faster recording speed, we found that the change in skin temperature began from 80 to 120 s before the change in brain temperature began.
These shifts in brain temperature with different states of arousal have been observed previously in the monkey (20, 21) and in other mammals (4-7) and are known to be caused by temperature changes in the arterial blood perfusing the brain. The major factor underlying these arousal-related changes in blood and brain temperature in the monkey appears to be the change in peripheral heat loss from the skin of the extremities, the tail, the ears and the nose, and from the nasal mucosa. order to determine whether the large changes in skin Visual inspection of the EEG did not reveal any changes temperature which occurred were associin amplitude either preceding or during the period of rapid skin warming in an isolated monkey. There was a tendency for less activity above 10 Hz and more activity in the range of 5-7 Hz to occur during the rise in skin temperature than when the animal was alert, and the slower activity persisted if the animal was not disturbed and the skin temperature remained elevated. The EEG in parallel with brain temperature when the skin of the nose and ears was warming (Fig. 5) . This was not noticeable when we measured supraorbital temperature at a -Skin temperature in the supraorbital region often fell ing and "drowsiness" in pigtail monkeys and for the transition between waking and stage 1 sleep in rhesus monkeys (14, 33). We seldom observed high-voltage slow resembled that described for the transition between waklow sensitivity, but was evident when it was recorded at electrical activity which appears in the EEG of monkeys the same sensitivity as the brain temperature measurein light sleep (14, 33). This is not surpising, since even ments. This observation may lend some support to the monkeys that are isolated most of the time show no deep folk practice of palpating the forehead when a fever is sleep and only a small amount of light sleep during the daytime hours (14) . An index of the state of alertness which was corresuspected. The close correspondence between brai .n temperature a nd forehead temperature is proba .blY due to the blood supply to the supraorbital region from the internal carotid artery. Supraorbital temperature measurements have been used as a screening technique in lated well with skin temperature changes was movement of the eyes. Although we did not record the electrooculogram, we could observe the presence of eye movesuspected intracranial arterial disease in humans (32).
ments from outside of the chamber and could see eye Relationship of brain temperature to skin temperamovement artifacts in our cortical EEG records. When ture. A drop in brain temperature always followed the the animals were first placed into the chamber, their rise in skin temperature occurring in undisturbed monkeys (Figs. 2, 3, 4, and 5) . When the peripheral temperatures remained elevated for lo-20 min the brain temperature usually stopped falling and stabilized at a lower eyes moved about rapid1 .y and were seldom still for more than a few seconds. A decrease in eye movements always preceded skin warming in the isolated monkey, and eye movements had usually stopped completely level. In 23 experiments on 2 monkeys in which such when the large, rapid increase in skin temperature stabilization of brain temperature occurred, the mean occurred. Alerting stimuli which elicited skin cooling hypothalamic temperature ws 0.91 t 0.19"C (MD)
were associated with increased eye movements.
Patterns of Skin and Brain Temperature in Anesthesia
We performed six experiments on three monkeys in BRAIN which we injected sodium pentobarbitone (20-25 mg/kg) into the saphenous vein while recording skin and brain temperatures at 25°C ambient temperature. Within 20-30 s of the completion of the injection, a rapid rise in skin temperature occurred on those areas which showed temperature lability in the waking animal. Brain temperature began to fall about 1 min after the skin temperature rise and continued for as long as the animal remained anesthetized, as determined by testing withdrawal reflexes. Figure 6 shows which occurs during barbiturate anesthesia is well known (4, 8, 21, 22) . The present studies demonstrate the important role of peripheral heat loss in this core to emotional situations, such as periods of mental arithtemperature drop.
metic. They found vasoconstriction in response to these stimuli in the hands and feet but little change in blood DISCUSSION flow in the forearm and leg. Abramson and Ferris (1) reported similar findings in the forearm and hand. BurThe relationship between skin temperature and skin ton (9) also found intense vasoconstriction in the finger blood flow at a constant, cool ambient temperature (20-" . . .in response to the stimulation of pain, startle or 25°C) is exponential in form, skin temperature reaching emotion" in human subjects. Hertzman and Dillon (24) an asymptote at 32-34°C as it approaches blood temperareported that auditory stimuli, fear of pain or "psychic ture (18, 23). Skin temperature is probably a good index stimuli ," such as questions concerning failure of an of skin blood flow when the skin temperature is between examination, all elicited vasoconstriction in the finger. about 21 and 32"C, but once it rises above this level, They also observed vasoconstriction in the nasal septum increased skin blood flow will not be reflected by a but no vasomotor response to these stimuli on the skin predictable increase in skin temperature. Even at the of the forehead in their medical student subjects. Hertzlower skin temperatures, factors such as sweating, the exact position of the measuring thermocouple, and the man and Roth (25) confirmed that vasoconstriction of the forehead in man does not occur in response to either effect of temperature of blood returning from distal sites emotional stimuli or cold. Our finding of marked vasoall can affect skin temperature. However, if these reconstriction only on the skin of the hands, feet, ears, strictions are taken into account, skin temperature can nose, and on the nasal mucosa of the monkey in rebe used as a qualitative index of blood flow through the sponse to arousing stimuli is in agreement with these skin.
earlier studies in man. The large, rapid rise in skin temperature which we
The autonomic nervous control of cutaneous blood observed in isolated, conscious monkeys is clearly a vessels has been well established. Recently, Delius et reflection of increased cutaneous blood flow. A fall in al. (15) demonstrated the importance of emotional stimskin temperature might be due to decreased skin blood uli on cutaneous sympathetic nerve activity in man. flow or increased sweating (10). While sweating is They recorded activity from sympathetic efferent fibers known to occur over widespread areas of the body in in cutaneous nerves in conscious subjects and found that man in response to emotional stimuli (2), in our experiemotional stimuli of various kinds elicited increased ments, the drop in skin temperature with arousing stimsympathetic nerve activity. The work was confirmed uli must be due primarily to decreased skin blood flow and expanded by Normell and Wallin (31) who found and not to increased sweating. Sweating would be ex-increased sympathetic nerve activity and a drop in skin petted to lead to a drop in central temperature, whereas temperature on the extremities in subjects who were decreased skin temperature in our monkeys was associ-performing mental arithmetic or who were presented ated with a rise in central temperature.
with a sudden loud noise or an electric shock applied to It has been recognized for many years that sensory the skin. stimuli and emotional factors can have a significant
The skin areas in the monkey which show marked influence on blood flow in some peripheral vascular lability of vasomotor tone are lightly furred regions. In beds. Grant and Pearson (19) observed regional differthe cold, vasoconstriction can prevent excess heat loss ences in peripheral circulatory responses in man to from this uncovered skin. In man, the skin areas with sensory stimuli, such as loud noises or puffs of air, and the capacity for marked vasoconstriction in the cold are the same as the regions which showed large temperature changes in the monkeys in this study. In humans exposed to moderate cold, the extremities are coolest, and a gradient of increasing temperature is present up the limbs and onto the trunk (12). On the head, the coolest skin areas in man at 0°C ambient temperature are the nose, ears, cheekbones, and chin (17). Except for the chin, these regions correspond to the cool regions of the heads of our animals when they were alert.
It is interesting that light was such a powerful trigger for peripheral vasomotor responses in our animals. Turning off the lights in the recording chamber was invariably followed by peripheral vasodilatation and brain cooling, in spite of the fact that it occurred in the middle of the day. Lights-on triggered peripheral vasoconstriction as reliably as a loud sound or a disturbing stimulus, such as the entrance of a human into the recording chamber. Hoffman, George, and Barrows (26) showed that the light-dark cycle is the synchronizer for the circadian temperature rhythm in the pigtail monkey. The evening fall in deep body temperature in rhesus monkeys begins immediately at lights-out, even though the animal is still awake as determined from EEG recording (14). About 6% of the nighttime drop in deep body temperature in these animals occurs within 15-30 min of lights-out and before the onset of sleep (21). In European man, toe temperature increases and rectal temperature decreases at lights-out in the evening at both 16 and 27°C ambient temperature, the largest rise in toe temperature occurring at the lower ambient temperature (29).
Peripheral vasodilatation and a drop in deep body temperature appear to be two of the first physiological events leading to nocturnal sleep in both man and monkey and may 'be requirements for slow-wave sleep. While there is little information available on the effects
